STUDY PRINCIPLES: Coronary computed tomography angiography (CCTA) allows three-dimensional visualisation of the origin, course and ending of the coronary vessels with high spatial resolution, yielding an accurate depiction of coronary artery anomalies (CAAs). This study sought to determine the prevalence, incidence and characteristics of CAAs detected with CCTA in a single centre in Switzerland. METHODS: CAAs were retrospectively identified in 5 634 consecutive patients referred for CCTA between March 2007 and July 2015. Single coronary arteries, BlandWhite-Garland syndrome, anomalous coronary arteries originating from the opposite site of the sinus of Valsalva (ACAOS) with an interarterial course and coronary artery fistulas were classified as potentially malignant CAAs. RESULTS: We identified 145 patients with CAAs, resulting in an overall prevalence of 2.6% and cumulative incidence of 2.1% in all patients referred for CCTA in the observation period. Forty-nine (33.8%) patients showed malignant CAAs including 1 (0.7%) patient with Bland-WhiteGarland syndrome, 7 (4.8%) with single coronary arteries, 36 (24.8%) with ACAOS and an interarterial course, and CONCLUSIONS: The prevalence of CAA detected by CCTA is not negligible. Because of its noninvasive nature, relatively low cost and low radiation exposure, a further increase in the utilisation of CCTA may be expected, which may consequently be paralleled by an increasing absolute number of incidentally detected CAAs. Hence, awareness of the main issues and possible management strategies regarding CAAs is of importance for every treating physician.
Introduction
The incidence of coronary artery anomalies (CAAs) in the general population is reported to be 0.3-5.6% [1, 2] . Coronary computed tomography angiography (CCTA) is considered the primary imaging modality to detect and characterise the anatomy of a CAA. It has a higher rate of detection of CAAs than invasive coronary angiography and other noninvasive imaging modalities, because threedimensional visualisation of the entire coronary tree [3, 4] allows accurate depiction of the origin, course and ending of the coronary vessels [5] . CCTA has seen substantial technical advances over the last decade, particularly with regard to spatial resolution and an impressive reduction in radiation dose exposure [6] . Consequently, these developments were paralleled by a growing use of CCTA in clinical routine and increasing importance for noninvasive assessment of suspected coronary artery disease (CAD) in patients with low-to-intermediate pretest probability [7] . Thus, it may be expected that the incidental detection of CAAs will see a further increase, and referring cardiologists and general physicians will be confronted to a greater extend with this entity. Some CAAs, such as anomalous coronary arteries originating from the opposite site of the sinus of Valsalva (ACAOS), coronary artery fistulas or Bland-White-Garland syndrome are considered to be associated with adverse cardiac events [8] [9] [10] [11] [12] . ACAOS can be classified on the basis of the origin of the anomalous vessel and according to the anomalous vessel course as ACAOS with an interarterial, retroaortic or prepulmonic course ( fig. 1 ). ACAOS, especially those with an interarterial course, are of particular interest as this anomaly is associated with ventricular arrhythmia, syncope and sudden cardiac death (SCD) [9, [13] [14] [15] . In fact, ACAOS have been demonstrated to constitute the underlying cause of SCD in up to 20% in young athletes and in up to 30% in military recruits [13, 16, 17] . This study sought to determine the prevalence, incidence and characteristics of CAA detected with CCTA in a single centre in Switzerland.
Methods

Patients and anatomy
All 5634 consecutive patients undergoing CCTA at our institution between March 2007 and July 2015 were retrospectively reviewed for CAA. Classification of CAAs was made based on anatomical and functional characteristics. Anatomical characteristics were assessed as follows: CAAs were defined as a coronary artery with abnormal origin,
Figure 1
Schematic illustration of a selection of coronary artery anomalies. For comparison, the normal anatomical situs is given in the middle (i.e., Panel E). A: ACAOS with RCA originating from the LCS with a retroaortic course. B: ACAOS with RCA originating from the LCS with an interarterial course. C: "Single left" coronary artery with a RCA originating from the LAD and a prepulmonic course. D: ACAOS with LAD originating from the RCS with an interarterial course. F: ACAOS with LAD originating from the RCS with a prepulmonic course. G: ACAOS with LM originating from the RCS with a retroaortic course. H: ACAOS with LM originating from the RCS with an interarterial course. I: ACAOS with LCX originating from the RCS with a retroaortic course. ACAOS = anomalous coronary arteries originating from the opposite sinus of Valsalva; LAD = left anterior descending artery; LCS = left coronary sinus; LCX = left circumflex coronary artery; LM = left main stem; RCA = right coronary artery; RCS = right coronary sinus;
course, termination or anomalies of intrinsic coronary arterial anatomy [1] . Myocardial bridging (i.e., an anomalous course of the coronary artery partially within the myocardial muscle tissue) is considered to be a normal variant [18, 19] and was therefore not included in the present study. Coronary artery ectasia is defined as an arterial segment with a diameter 1.5 times that of the normal adjacent artery segment. In patients with CAD, coronary artery ectasia, a form of abnormal intrinsic coronary arterial anatomy is considered to be a CAD correlate. Therefore, we classified coronary artery ectasia as a CAA only in patients without concomitant obstructive CAD. Obstructive CAD was defined as ≥50% luminal diameter narrowing as demonstrated by CCTA. In patients with ectasia, associated underlying diseases were assessed. As single coronary arteries, Bland-White-Garland syndrome, ACAOS with an interarterial course and coronary artery fistulas are associated with adverse cardiac events, we further classified these, based on functional characteristics with possible haemodynamic relevance as potentially "malignant CAAs". All other CAAs were considered as benign variants.
CCTA Imaging
CCTA was performed on 64-slice (LightSpeed VCT XT, Discovery 750 HD) and 256-slice (Revolution CT; all GE Healthcare, Waukesha, WI, USA) CT scanners using prospective electrocardiographic triggering with the smallest possible x-ray window at 75% of the R-R cycle, according to current guidelines and as previously described [20, 21] . Prior to examination all patients received 2.5 mg isosorbide-dinitrate sublingually (Isoket, Schwarz Pharma, Monheim, Germany) and up to 30 mg metoprolol (Beloc Zok, AstraZeneca, London, UK) was administered intravenously if the heart rate was >65 per minute in order to obtain optimal image quality [20] . Iodixanol (Visipaque 320, 320 mg/ml, GE Healthcare) was injected into an antecubital vein followed by 50 ml saline solution. Volume and flow rate were adapted to body surface area [22] . All images were transferred to an external workstation (AW 4.4, GE Healthcare) for image reconstruction and evaluation. Curved multiplanar reconstructions and three-dimensional volume rendering techniques were performed for analysis. Values for effective radiation dose were estimated for CCTA as the product of the dose length product (DLP) times a conversion coefficient for the chest (k = 0.014 mSv/ (mGy × cm)) as previously described [23, 24] .
Statistical analysis
All statistical analyses were performed using SPSS Statistics 22 (IBM Corporation, Armonk, NY). Data are reported as median ± interquartile range (IQR, 25th-75th percentile), or mean ± standard deviation (SD), or percentages for nonparametric and parametric data, respectively. Continuous variables were analysed using the Student's t-test or Mann-Whitney U-test, where appropriate. Categorical data were analysed with chi-squared test or Fisher´s exact test. A p-value <0.05 was considered statistically significant. Overall prevalence of CAA was calculated as the proportion of patients with CAA out of all patients undergoing CCTA during the observation period. Cumulative incidence was calculated as the proportion of patients with newly diagnosed CAA out of all patients undergoing CCTA during the observation period.
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Results
We identified 145 patients with CAA and an overall prevalence of 2.6%. CAA classified by vessel origination, course and termination and its prevalence are shown in 
Discussion
This is the largest study assessing the prevalence, incidence and characteristics of CAA detected by means of CCTA in a population referred for CCTA in Switzerland. The overall prevalence of CAA (i.e., 2.6%) in the observation period detected with CCTA is comparable to that in previous studies [1, 2, 12, 25] . A recent smaller study from our institution showed a higher prevalence of CAA (i.e., 7.9%) depicted with CCTA. This difference may be explained by the fact that myocardial bridging (prevalence 3.4%) was included in this study, contrary to the present work where myocardial bridging was not classified as a true coronary anomaly but rather as a normal variant owing to its common occurrence [26] . The most commonly found CAA in our study was ACAOS. In line with previous studies, among the ACAOS variants a right coronary artery (RCA) arising from the left coronary sinus (LCS) were most frequently represented in our population [27, 28] . In a study analysing 126595 patients undergoing invasive coronary arteriography over a 28-year period, the rate of RCA originating from LCS was six times higher than the rate of A patient with suspected coronary artery anomaly in echocardiography has a "single right" coronary artery, as depicted by CCTA. CCTA = coronary computed tomography angiography; LAD = left anterior descending artery; RCA = right coronary artery left coronary artery originating from the right coronary sinus (RCS) (0.17% versus 0.047%) [28] . By contrast, we observed a similar proportion of the two ACAOS variants (i.e., 0.59% versus 0.46%). This may be in part a result of the better performance of CCTA over invasive coronary angiography, particularly for the detection and characterisation of patients with a left coronary artery originating from the RCS [27, 28] .
Imaging modalities
Whenever knowledge of the anatomy of the cardiac vessels is crucial, CCTA represents a highly valuable noninvasive modality because of its capability to visualise the coronary
Figure 3
Incidental finding of an ACAOS variant with RCA originating from LCS and a malignant interarterial course of the vessel in a patient referred for CCTA for exclusion of CAD. ACAOS = anomalous coronary arteries originating from the opposite sinus Valsalva; CAD = coronary artery disease; CCTA = coronary computed tomography angiography; LAD = left anterior descending artery; LCS = left coronary sinus; RCA = right coronary artery arteries accurately and three-dimensionally, yielding a higher detection rate over invasive coronary angiography [26] . Regarding echocardiography, reported data suggest that transoesophageal echocardiography is more sensitive than transthoracic echocardiography in identifying CAA. This is mainly driven by an increased sensitivity for assessing the vessel course. However, it remains a semi-invasive technique (it involves insertion of a tube into the oesophagus and sedation) characterised by a significant level of operator dependence. Finally, both echocardiography tech-
Figure 4
CCTA of a 64-year-old patient with atypical angina referred for exclusion of CAD shows no relevant CAD but a coronary artery fistula originating from the LAD and terminating in the pulmonary artery, potentially causing his symptoms. CAD = coronary artery disease; CCTA = coronary computed tomography angiography; LAD = left anterior descending artery
Figure 5
CCTA of a 63-year-old male shows obstructive CAD and absent left main stem with separate ostium for LAD and LCX. Absent left main stem is considered a benign variant of CAA, but the finding may be of clinical importance for eventual revascularisation procedures. CAA = coronary artery anomaly; CAD = coronary artery disease; CCTA = coronary computed tomography angiography; LAD = left anterior descending artery; LCX = left circumflex coronary artery niques and cardiac magnetic resonance imaging are able to accurately assess only the proximal tract of the coronary arteries and, therefore, their diagnostic capabilities are limited to only a small part of the coronary artery anatomy [4, 29] . fig. 5 ) was present second most frequently (i.e., in 18.6%). Of note, certain authors suggest that separate ostia for the LAD and LCX is rather a normal variant than an anomaly with little clinical significance [1] ; however, recognising this condition before coronary bypass surgery may be crucial. Also, in cases of difficulty in cannulating the LAD or LCX in invasive coronary angiography, CCTA serves as an ideal backup imaging modality. This is of particular interest as CCTA seemed also to outperform invasive coronary angiography in proximal segment evaluation of the coronary arteries [26] and helps to differentiate between absence of the left main stem and LAD, or occluded or hypoplastic LCX occlusion [30] .
Benign variants of CAA
Malignant variants of CAA
A high proportion (i.e., 33.8%) of CAAs, including BlandWhite-Garland syndrome, single coronary artery, ACAOS with an interarterial course and fistulas were considered as potentially malignant variants because of their potentially haemodynamic clinical relevance [31] . Previous studies reported that approximately 20% of CAAs are clinically relevant and carry an increased risk of myocardial infarction, malignant ventricular arrhythmia, congestive heart failure, syncope and SCD [8] [9] [10] [11] [12] 28] . Congruently with previous reports, typical angina was significantly more frequently reported in conjunction with a potentially malignant CAA in our cohort [25, [32] [33] [34] [35] . Owing to a lack of clear guideline recommendations, the management of patients with CAAs remains fraught with uncertainty. This is particularly true for asymptomatic individuals with coincidentally discovered CAAs. It has been recommended that, in patients with Bland-White-Garland syndrome or ACAOS with origin of the left coronary artery from the right sinus and ACAOS who survived SCD, showed serious ventricular tachyarrhythmias or documented myocardial ischaemia, surgical treatment represents first-line therapy [11] . Further risk stratification with single photon emission computed tomography myocardial perfusion imaging (SPECT-MPI), positron emission tomography myocardial perfusion imaging (PET-MPI) or stress echocardiography may be warranted in unclear cases [36] [37] [38] . As a slit-like ostium, intramural course and proximal narrowing of the anomalous vessel are believed to confer a higher risk for adverse cardiac events, exact anatomic depiction as offered by CCTA may be helpful for further risk stratification [8, 9, [13] [14] [15] [39] [40] [41] [42] . Furthermore, age, sex and physical activity should be incorporated in the risk stratification as well, since there is evidence that especially young (<30 years) male athletes or military recruits are at increased risk for SCD [43] , whereas in older patients the risk seems to be rather negligible [44] . Surgical revascularisation may consist of ectopic coronary reimplantation, creation of a new ostium at the end of the ectopic artery intramural segment (so-called unroofing procedure), or coronary bypass grafting [43] . Of note, there are no controlled studies that have evaluated the outcome of intervention in asymptomatic individuals. Coronary arterial fistula is a rare anomaly in which a communication is present between a coronary artery and a cardiac chamber or another vascular structure. Even in small coronary artery fistulas, a "steal-phenomenon" caused by redirection of saturated blood away from the myocardium may cause hypoperfusion and reduction of myocardial blood flow distally of the supplying coronary artery. Haemodynamically insignificant fistulas, which are clinically silent and not associated with other abnormal findings, may not require further treatment. However, haemodynamically significant fistulas should be closed by ligation or coiling [11] . Similarly, a "steal-phenomenon" caused by reversed flow in the coronary artery into a pulmonary artery as a result of decreased pulmonary artery pressure after birth may be present in Bland-White-Garland syndrome patients [45] . International guidelines suggest that in adults with previously unrecognised Bland-White-Garland syndrome and reduced systolic function, surgical myocardial revascularisation should be performed in order to achieve a dual coronary supply [11] . Although coronary artery ectasia is not a typical malignant CAA, it carries an increased risk of myocardial infarction due to vasospasm, slower coronary blood flow and thrombosis, typically within the dilated segments. Coronary artery ectasia was present third most frequently (i.e., in 8.3%). Beside CAD-related ectasia, which was not included in the present study, the most common underlying cause of ectasia is associated with small-, medium-and large-vessel vasculitis and sickle cell disease [46, 47] . In our study, 50% of patients with coronary artery ectasia showed concomitant dilated arteriopathy, which is in concordance with Papadakis et al., who reported a similarly high coincidence of coronary ectasia in patients with ascending aortic aneurysm [48] . Due to a lack of studies and guidelines, management recommendations for coronary artery ectasia are solely based on personal experiences. Therapy should be tailored to each individual case after assessment of severity, history of complications, underlying aetiology, and comorbidities [47] . However, data on optimal treatment strategies (i.e., surgical versus conservative treatment) are scarce and to some extent controversial, rendering patient management challenging, mainly because of the fact that CAAs are rare, their anatomical spectrum is diverse, and the age of first clinical presentation may vary substantially. Thus, assessment of coronary artery anatomy by CCTA plays a central role in management of these entities, especially in CAAs with high risk anatomic features potentially conferring hemodynamic relevance [49, 50] .
Limitations
CAAs represent a wide group of congenital disorders whose pathophysiological mechanisms and clinical consequences are highly variable. Some experts proposed to categorise CAAs based on functional characteristics as major, minor, haemodynamically relevant and severe versus nonsevere CAAs. We are aware that the term potentially "malignant CAA" is an imperfect compromise. Furthermore, in the current study, ACAOS were not analysed according to other high-risk anatomical features such as intramural (in the aortic wall) course, slit-like ostium and proximal narrowing [42, 51] and therefore misclassification may be possible in certain ACAOS variants. There is evidence that in very rare cases myocardial bridging (i.e., an anomalous course of the coronary artery partially within the myocardial muscle tissue) is associated with adverse cardiac events [52] and, historically, myocardial bridging was classified as a CAA. However, myocardial bridging is quite common and is found in up to 86% of all autopsies. Thus, the entity of myocardial bridging should rather be considered as a normal variant [18, 19] and we excluded these patients from our study. Finally, it may be perceived as a limitation of the present study that there is no control group, such as a cohort where the coronary anomalies were detected by invasive coronary angiography. As all patients were referred because of suspected CAD (owing to symptoms or high cardiovascular risk) or for CAA exclusion, the prevalence of CAA in our population may be higher than in a general population as a result of selection bias. Thus, extrapolation of the results of this study to a general population should be made only with caution.
Conclusion
The prevalence of CAA detected by CCTA in Switzerland is not negligible. Exact anatomic characterisation of CAA is essential for identifying potentially malignant characteristics and guiding further work-up and treatment decisions. Because of its noninvasive nature, relatively low cost and low radiation exposure, a further increase of the utilisation of CCTA may be expected, which may consequently be paralleled by an increasing absolute number of incidentally detected CAAs. Hence, awareness of the main issues and possible management strategies regarding CAAs is of importance for every treating physician.
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Figures (large format) CCTA of a 64-year-old patient with atypical angina referred for exclusion of CAD shows no relevant CAD but a coronary artery fistula originating from the LAD and terminating in the pulmonary artery, potentially causing his symptoms. CAD = coronary artery disease; CCTA = coronary computed tomography angiography; LAD = left anterior descending artery
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Figure 5
CCTA of a 63-year-old male shows obstructive CAD and absent left main stem with separate ostium for LAD and LCX. Absent left main stem is considered a benign variant of CAA, but the finding may be of clinical importance for eventual revascularisation procedures. CAA = coronary artery anomaly; CAD = coronary artery disease; CCTA = coronary computed tomography angiography; LAD = left anterior descending artery; LCX = left circumflex coronary artery
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